
BIOCHIMICA ET BIOPHYSICA ACTA I 

BBA 65926 

5 f l -CHOLESTANE-3a ,7a , I2a ,26 -TETROL:NAD+ OXIDOREDUCTASE AND 

5f l -CHOLESTANE-3a,7a,  I 2 a - T R I O L - 2 6 - A L : N A D  + OXIDOREDUCTASE IN 

RAT LIVER 

KYUICHIRO OKUDA, NAOKO TKICIb-'K'WA, REIKO ~-Iq~3-B~ AND TAKAHIRO KUWAKI 
Department of Biochemistry, Hiroshima University , School of Dentistry, Hiroshima (Japan) 

(Received March i ith, 1969) 

S U M M A R Y  

5fi-Cholestane-3a,7a,I2a,26-tetrol was dehydrogenated to 5fl-cholestane-3a,7a, 
I2a-triol-26-oic acid by two separate enzymes in rat liver soluble fraction, i.e. 5fl- 
cholestane-3a,7a, I2a,26-tetrol : NAD+ oxidoreductase and 5fl-cholestane-3a,7a,I2a- 
triol-26-al:NAD + oxidoreductase. These two enzymes were separated by gel filtration 
on Sephadex G-Ioo. Their assay methods and some properties are described. 

INTRODUCTION 

In the previous paper it was reported that I mole of 5fl-cholestane-3a,7a,I2a,26- 
tetrol (TeHC) is dehydrogenated to 5fl-cholestane-3a,7a,I2a-triol-26-oic acid (THCA) 
with concomitant reduction of 2 moles of NAD + to NADH in rat liver soluble fraction, 
suggesting that two enzymes are concerned in the dehydrogenation of TeHC to 
THCA, namely TeHC-NAD + oxidoreductase and 5fl-cholestane-3a,7a,i2a-triol-26-al 
(THAL)-NAD + oxidoreductase in rat liver soluble fraction 1. This suggestion was 
confirmed by separating both enzymes by gel filtration on Sephadex G-Ioo as previous- 
ly reported 2. 

In this paper the assay methods and some properties of TeHC-NAD+ oxido- 
reductase and THAL-NAD + oxidoreductase, which were partially purified by 
(NH4)2SO 4 fractionation and by gel filtration from rat liver soluble fraction, will be 
reported. 

MATERIALS AND METHODS 

Tritium-labeled and unlabeled TeHC, THAL and THCA were prepared ac- 
cording to the method described by OKUDA AND DANIELSSON ~. NAD+, NADP +, 
NADH and NADPH (all Grade III)  were purchased from Sigma Chemical Co. (St. 

Abbreviations: TeHC, 5~-cholestane-3a, Ta, I 2a,26-tetrol ; THAL, 5~-cholestane-3a, 7a, I 2a- 
triol-26-al; THCA, 513-cholestane-3a, Ta,i2a-triol-26-oic acid. 
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Louis, Mo.). Sephadex G-IOO was purchased from Pharmacia Fine Chemicals (Uppsala, 
Sweden). 

Liver aleohol-NAD+ oxidoreductase (EC i . i . I . I )  was assayed according to the 
method described by DALZlEL 4. Liver aldehyde-NAD + oxidoreduetase (EC 1.2.1.3) 
was assayed according to the method described by RACKER 5. Absorbance at 34 ° n m  
was measured by a Hitachi speetrophotometer Model 124. 

TeHC dehydrogenase, THAL reductase and THAL dehydrogenase activities 
were assayed according to either of the following methods. In the spectrophotometric 
method, a specific amount of enzyme was added to a cuvette (I-cm light path) con- 
taining I.O ml of buffer, o.I ml of 0.25 M NAD+ and 5 ° #g of substrates (dissolved in 
20 #1 of tert.-butanol) in a total volume of 3.0 ml; the absorbance at 340 nm was 
measured by the spectrophotometer equipped with a recorder. Incubations were 
performed at 23 ° . In the chromatographic method, each enzyme activity was assayed 
according to the methods described before except that appropriate buffers (see RE- 
SULTS) w e r e  used 2. 

The partially purified enzymes were prepared by gel filtration on Sephadex 
G-ioo as described before 2. 

RESULTS 

The incubation of  T H A L  with rat liver zoo ooo × g supernatant 
Fig. Ia  shows a typical thin-layer chromatogram of the reaction products 

obtained by incubating THAL with the ioo ooo × g supernatant from rat liver and 
NADH. As shown in the table the reaction products were TeHC and THCA. It  seems, 
therefore, that a dismutation reaction occurred. Such a dismutation was also observed 
when THAL was incubated with the IOO ooo × g supernatant from rat liver and NAD+. 

a 

Solvent 

Origin b 

Fig. I. Thin-layer chromatograms  of the reaction products  obtained by  incubat ing T H A L  with 
either ~¢ADH and the ioo ooo × g supe rna tan t  of ra t  liver (a) or Fract ion 45 in Fig. 2. (b). 
The reaction mixture  contained 0.06 t, mole THAL, 0.5 #mole NADH,  buffer solution (a, 5 ° / ,mo le s  
phospha te  buffer (pH 7.5) ; b, 5 ° #moles Tris buffer (pH 7.5)) and io ttl of enzyme solution. In-  
cubations were conducted for 5 mill at  37 °. Solvent system: EA-2. 
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TeHC dehydrogenase, T H A L  reductase, T H A L  dehydrogenase, acetaldehyde-NAD + 
oxidoreductase and ethanol-NAD + oxidoreductase activities in the eJfluents of gel filtration 

Fig. 2 shows the activities of these enzymes found in the effluents of the Sephadex 
G-Ioo column s. As shown in the figure, THAL dehydrogenase activity was observed 
in the effluent Fractions 35-39, while THAL reductase activity was found in Fractions 
42-50. I t  is also observed that the activity profile of acetaldehyde-NAD+ oxido- 
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Fig. 2. T e H C  dehydrogenase ,  T H A L  reductase ,  T H A L  dehydrogenase ,  e t h a n o l - N A D +  oxido- 
r educ t a se  and  a c e t a l d e h y d e - N A D +  ox idoreduc tase  act iv i t ies  in t he  e lua te  of  gel f i l t rat ion on 
Sephadex  G- ioo  of  (NH4)2SO 4 p repa ra t ion  (0. 3 0.6 satn.)  of  r a t  l iver soluble fract ion.  A s s a y  
m e t h o d s  were descr ibed in the  tex t .  - - ,  p ro te in  concen t r a t ion  (A2s 0 r im) ;  ~ ] - - - - ~ ] ,  l iver  
a c e t a l d e h y d e - N A D  + ox idoreduc tase  (un i t s / ioo /z l  of  fraction) ; ~ . . . .  A ,  l iver e t h a n o l - N A D +  
ox ido reduc ta se  (absorbance  i n c r e m e n t / m i n  per  IOO y1 of  fraction) ; x . . . .  x ,  T H A L  reduc t a se  
(/*g/5 min  per  IOy1 of f rac t ion) ;  O - - Q ,  T H A L  formed  and  O - - ' - - O ,  T H C A  formed  w h e n  
T e H C  was  i ncuba t e d  wi th  NAD+ and  an  a l iquot  ( ioo pl) of  f rac t ion  (#g/5 min  per  ioo #1 of 
f ract ion) ;  • . . . .  O, T H A L  dehydrogenase  ( T H A L - N A D  + oxidoreductase)  (absorbance  incre- 
m e n t / r a i n  per  5 ° / ,1  of  fract ion).  

reductase coincides with that of THAL dehydrogenase and that the activity profile of 
ethanol-NAD + oxidoreductase nearly coincides with that of THAL reductase. The 
peak for THAL dehydrogenase was found in Fraction 37 and that for THAL reductase 
was observed in Fraction 45. The specific activity of Fraction 37 for THAL dehydro- 
genase was 0.31 #mole THAL (oxidized) per 5 rain per mg protein and that of Fraction 
45 for THAL reductase was 3.8 ymoles THAL (reduced) per 5 rain per mg protein. 

In the following study an aliquot of Fraction 37 or of Fraction 45 was used as 
enzyme for THAL dehydrogenase or THAL reductase. 

TeHC-NAD + oxidoreductase 
Effect of N A D H  and N A D P H .  Fig. 3a shows the effect of the NADH concen- 

tration on THAL reductase activity. The reaction rate was determined by measuring 
the decrease in absorbance at 340 nm in time (I rain). The reaction rate was linear 
with the concentration of NADH until IO yM. The reaction rate was very slow when 
NADPH was used instead of NADH as the donor (about one sixth at 80 yM). 

Reaction velocity. The velocity of the THAL reduction to TeHC decreased 
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Fig. 3. Effect of coenzymes on the T H A L  reductase (a) and T H A L  dehydrogenase (b) activities. 
The incubation mixture  contained o . i 2 # m o l e  THAL, iooffmoles  Tris buffer (pH 7.5 (a) or 
p H  8.o (b)), 4/21 (a) or 2o ffl (b) of enzyme solution and varying amounts  of N A D H  or NAD+ in 
a final vol. of 3.o ml. The reaction was carried out  in a cuvette  at 23 °. 

Fig. 4. Effect of p H  on the T H A L  reductase (a) and T H A L  dehydrogenase (b) activities. The in- 
cubat ion mixture  contained o.o6 ffmole THAL,  o. 5 ffmole N A D H  or o. 5 #mole NAD+, 4 #l of 
Fract ion 45 or io/~1 of Fract ion 37 (in Fig. 2) and 5 ° ffmoles potass ium phospha te  buffer (pH 6.o- 
7.5), 5off moles Tris buffer (pH 7.5 9.o) or 5 ° /*moles glycine buffer (pH 9.o-Io.5) in a final 
volume of 1.5 ml. Incubat ions  were conducted for 5 min at  37 °. , TeHC; . . . . .  , THCA. 

rapidly with time. When the reaction was assayed by  measuring the decrease in 
absorbance at 34 ° n m ,  the reduction was linear with time only for the initial 3 min. 
However, when the reaction was assayed chromatographically,  an incubation period 
of 5 min was chosen because the application of  a shorter period was technically diffi- 
cult. The deviation from linearity at this point was not significant judging from the 
results obtained spectrophotometrically.  

Effect ofpH. To s tudy  the effect of pH on T H A L  reductase, the substrate was 
incubated in different pH media with Sephadex G-Ioo eluate and NADH.  As shown 
in Fig. 4 a, a broad peak was observed in the region from pH 7.5-8.o. The formation of  
THCA was observed with a phosphate  or glycine buffer, whereas little THCA was 
formed when a Tris buffer was used. Thus for the assay of  T H A L  reductase the incu- 
bation is best carried out in the medium containing Tris buffer at pH  7.5-8.o. 

Effect of enzyme concentration. Fig. 5a shows the dependence of the reaction 
velocity on enzyme concentration. The linearity of  the enzyme concentrat ion-react ion 
velocity curve is seen in the range from 2 to Io  #1 of Sephadex eluate, and the deviation 
from linearity was observed in higher enzyme concentrations, probably  due to the 
rapid decrease in substrate concentration. 

Effect of substrate concentration. The relationship between reaction velocity and 
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Fig. 5. Effect of enzyme concentration on the THAL reductase (a) and THAL dehydrogenase (b) 
activities. The assay conditions for THAL reductase were as described in Fig. 3a except that 
0.5/*mole of NAD+ and varying amounts of Fraction 45 (in Fig. 2) were used .THAL dehydro- 
genase was assayed spectrophotometrically as described in the text. ioo ffmoles Tris buffer (pH 7.5) 
was used. 

Fig. 6. Effect of substrate concentration on the THAL reductase (a) and THAL dehydrogenase 
(b) activities. Assay conditions for THAL reductase were as described in Fig. 3a except that 
o. 5/~mole of NAD+ and varying amounts of THAL were used. THAL dehydrogenase was assayed 
as described in Fig. 5b except that IOO #moles Tris buffer (pH 8.o) was used. Incubations were 
conducted for 5 min at 37 °. 

subs t ra te  concentra t ion is shown in Fig. 6a. The Km value for T H A L  reductase was 

calculated to be 6 #M. 

Identification of reaction products. Fig. i b  shows a typical  rad iochromatogram 

of the product  obta ined by incubat ing T H A I .  with Frac t ion  45 of  the Sephadex eluate  

and N A D H .  As shown in the figure, the react ion product  is only found in the area 

corresponding to TeHC. The labeled mater ia l  in this area was eluted and recrystal l ized 

to a constant  specific ac t iv i ty  (7.76. lO 5 counts /min per mg) wi th  3o mg of cold TeHC 

from various solvents,  it was identified as TeHC. 

Stoichiometry. Stoichiometry  of the enzyme react ion was studied as described 
in the legend of  Table  I. As shown in Table Ia, when T H A L  was incubated  with  an 

al iquot from Frac t ion  45 of  the Sephadex G-Ioo eluate, using N A D H  as a donor, I mole 
of  N A D H  was oxidized to NAD+ per I mole of  T H A L  reduced to TeHC. This is con- 
sistent  wi th  Reac t ion  i .  

Reversibility. As described in the previous paper  2 and in the preceding sections, 

T e H C - N A D +  oxidoreductase  was assayed by  measur ing T H A L  reductase act ivi ty .  
However ,  as repor ted  in the previous paper  2, T e H C - N A D  + oxidoreductase  could not  
be assayed by measuring TeHC dehydrogenase ac t iv i ty  by  our me thod  1. Therefore the 

assay condit ions for TeHC dehydrogenase were reexamined.  The effect of  pH on the 
TeHC dehydrogenase was s tudied in the same way  as on the T H A L  reductase.  Only 
a small amount  of  T H A L  (5-1o%) was formed when incubat ion was carried out at 
pH  above 9.o, and IO t imes as much  enzyme (IOO #1) as used for the T H A L  reduetase 
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T A B L E  I 

STOICHIOMETRY OF REACTION 

K n o w n  q u a n t i t i e s  o f  t r i t i u m - l a b e l e d  T H A L  ( d i s s o l v e d  in i o / A  o f  tert.-butanol) a n d  N A D H  o r  
N A D +  w e r e  a d d e d  t o  c u v e t t e s  c o n t a i n i n g  5 ° / ~ m o l e s  o f  T r i s  b u f f e r  ( p H  8.o  o r  7.5) a n d  i o / , 1  o f  
F r a c t i o n  45 o r  2o/~1 o f  F r a c t i o n  37 o f  t h e  S e p h a d e x  e l u a t e  (F ig .  2) in  a f ina l  v o l u m e  o f  2 .0  ml .  
A b s o r b a n c e  a t  34 ° n m  w a s  r e c o r d e d  b y  a H i t a c h i  s p e c t r o p h o t o m e t e r  M o d e l  124. T h e  r e a c t i o n  
w a s  t e r m i n a t e d  in  15 r a i n  b y  a d d i n g  5 vol .  o f  e t h y l  a c e t a t e  a n d  b y  e x t r a c t i n g  t h e  p r o d u c t s .  
P r o d u c t s  w e r e  a n a l y z e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. O x i d i z e d  o r  r e d u c e d  N A D H  
w a s  c a l c u l a t e d  f r o m  t h e  a b s o r b a n c e  a t  34 ° m n  b y  t a k i n g  t h e  m i l l i m o l a r  a b s o r b a n c e  coe f f i c i en t  o f  
N A D H  a t  34 ° n m  as  6 .22 .  

Expt. pH Initial Initial Initial N A D H  NAD+ TeHC THCA 
No. NA DH NA D + THA L oxidized reduced formed formed 

concn, concn, concn. (l~mole) (#mole) (pmole) (txmole) 
(txm) (ram) (l~M) 

(a) T H A L  reductase 
i 7 .5 62 .5  
2 8 .o  62. 5 
3 7.5 31 .25  

(b) T H A L  dehydrogenase 
I 8 .0  
2 8 .0  

3 7-5 

2o .6  o . o 3 2  o . o 3 2  
20 .6  0 . 0 2 9  0 . 0 2 8  
20 .6  o .o31  0 . 0 3 0  

i 38 .o  O.OLO o . o 1 2  
0 .05  19.o  0 . 0 0 4  0 . o 0 5  
i 38 .0  O.Ol 3 o . o 1 2  

assay (IO #1) was used. Furthermore, when TeHC was incubated with TeHC-NAD + 
oxidoreductase, partially purified by gel filtration, larger or smaller amounts of THCA 
were formed. A typical pattern of TeHC dehydrogenase activity in the eluate from 
Sephadex G-Ioo was shown in Fig. 2. Although its activity was found in the fractions 
where THAL reductase was observed, the TeHC dehydrogenase activity was so weak 
that the application of this enzyme activity for assaying TeHC-NAD + oxidoreductase 
in relatively crude solution was not practical. 

THA L-NAD+ oxidoreductase 
Effect of NAD+ and NADP +. Fig. 3b shows the effect of NAD + on the dehydro- 

genation of THAL to THCA by THAL-NAD + oxidoreductase. The reaction rate 
measured spectrophotometrically, was linear to 0.8 mM NAD +. The reaction rate was 
very slow when NADP + was used as an acceptor (about one fifth at o.8 raM). 

Reaction velocity. The velocity of dehydrogenation of THAL to THCA was linear 
with time for lO-15 rain judging from the results obtained by the spectrophotometric 
assay. 

Effect ofpH. To study the effect of pH on THAL dehydrogenase, the substrate 
was incubated in different pH media with an aliquot of Sephadex eluate Fraction 37 
and NAD+. As shown in Fig. 4b, the optimum pH seems to exist at pH 8.0, when Tris 
buffer (pH 8.0) was used. 

Effect of enzyme concentration. Fig. 5 b shows the dependence of the reaction 
velocity, measured spectrophotometrically, on the enzyme concentration. The linearity 
of the enzyme concentration-reaction velocity curve is seen in the range from 5-50 pl 
of Sephadex eluate from Fraction 37. 

Effect of substrate concentration. The relation between reaction velocity and 
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Fig. 7. Th in - l aye r  c h r o m a t o g r a l n  in so lven t  s y s t e m  EA-2 (a) of  the  reac t ion  p roduc t s  of  T H A L  
by  t he  par t ia l ly  purified T H A L - N A D +  ox idoreduc tase  (Frac t ion  37 in Fig. 2) fortified wi th  
N A D  + and  t he  r e c h r o m a t o g r a m  of  t he  acidic ma te r i a l  in so lven t  s y s t e m  S- 7 (b). I n c u b a t i o n s  
were conduc t ed  as descr ibed in the  tex t .  

substrate concentration is seen in Fig. 6b. The Km value for THAL dehydrogenase was 
calculated to be 22 #M. 

Identification of products of reaction. Fig. 7a shows a typical radiochromatogram 
of the products obtained by incubating THAL with Sephadex G-Ioo eluate Fraction 37 
and NAD +. As shown in the figure, the reaction product was only found in the origin ; 
because the acidic material does not move from the origin in this solvent system 
(EA-2 (ref. 6)), the labeled material in the origin was eluted and rechromatographed 
on a thin-layer plate using phase system S- 7 (ref. 7) (Fig. 9b). As clearly shown in the 
figure, radioactivity was observed in the area corresponding to THCA. The labeled 
material in this area was eluted and recrystallized to a constant specific activity 
(4.65. lO 4 counts/min per rag) with 30 mg of cold THCA from various solvents, it was 
identified as THCA. 

Stoichiometry. Stoichiometry of the enzyme reaction was stu died as described in 
the legend of Table I. As shown in Table Ib, when THAL was incubated with an 
aliquot of Sephadex eluate Fraction 37 and NAD+, I mole of NAD + was reduced to 
NADH per I mole of THAL oxidized to THCA. This is consistent with Reaction i. 

Reversibility of enzyme reaction. Incubation of THCA with an aliquot of Fraction 
37 of Sephadex G-Ioo and NADH at different pH's did not result in any detectable 
formation of THAL. 

~ C H 2 O H  ~"~_<CHO ~ C O O H  

TeHC THAL THCA 
Biochim. Biophys. Acta, 185 (1969) 1-8 
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DISCUSSION 

Although THAL is not stable for long periods, it can be stored for a few days 
without serious deterioration under N~. According to the control incubation with 
boiled enzyme, it was found that  THAL was not autooxidized appreciably during 
incubation, extraction and following analysis of the products. 

In the course of this study, some results obtained with the incubations conducted 
in the mixture containing io #1 of methanol (used for solvent for THAL) in a total 
volume of 1.5 ml were compared with those obtained with the incubations conducted 
in the mixture containing IO/~1 of tert.-butanol (used for solvent for THAL) or with 
those obtained with the incubations conducted in the mixture containing no organic 
solvent. I t  was evaporated by blowing N~ after introduction of THAL solution into 
test tubes before introducing the reagents. I t  was found that  there is no essential 
difference among them. 

As previously reported, when TeHC is incubated with rat  liver soluble fraction, 
TeHC is rapidly dehydrogenated to THCA without appreciable accumulation of 
THAL 1. On the other hand, when THAL was incubated with rat  liver soluble fraction 
to assay TeHC-NAD+ oxidoreductase by reverse reaction, dismutation reaction was 
inevitable as shown in Fig. ia. According to RACKER s, such a dismutation is actually 
a coenzyme-linked dismutation catalyzed by  two dehydrogenases which catalyze 
successive steps in the oxidation of ethanol. Therefore, it was impossible to measure 
only the activity of TeHC-NAD ÷ oxidoreductase or THAL-NAD+ oxidoreductase 
in the rat liver soluble fraction. Unless only the activity of these enzymes was measured, 
it was impossible to investigate the properties of the individual enzyme. By separating 
the two enzymes, the problem was eventually solved, and the properties of these 
enzymes can now be described. 

Although both assay methods for THAL-NAD+ oxidoreductase and TeHC-  
NAD + oxidoreductase were used for the purified enzyme, the spectrophotometric 
method could not be used for a crude preparation containing both enzymes because, 
in this case, coenzyme-linked dismutation occurred and because the absorbance at 
340 nm did not change appreciably. On the other hand, the chromatographic method 
revealed the dismutation and suggested the existence of both oxidoreductases. For 
this reason, although the spectrophotometric method is more rapid and accurate than 
the chromatographic method, it is necessary to correlate the results obtained when 
relatively crude preparations are used. 
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